Zea and Tripsacum nuclear ribosomal internal transcribed spacer (ITS) sequences were used to evaluate patterns of concerted evolution, rates of substitutions, patterns of methylation-induced deamination, and structural constraints of the ITS. ITS pseudogenes were identified by their phylogenetic position, differences in nucleotide composition, extensive deamination at ancestral methylation sites, and substitutions resulting in low-stability secondary RNA structures. Selection was important in shaping the kinds of polymorphisms and substitutions observed in the ITS. ITS substitution rates were significantly different among the Zea taxa. Deamination of cytosines at methylation sites was a potent mutation source, but selection appeared to maintain high methylation site density throughout the ribosomal repeat except for the gene promoter. Nucleotide divergence statistics identified selectively constrained regions at the 5' ends of the ITS1 and ITS2.
Introduction
We sequenced nuclear ribosomal internal transcribed spacer (ITS) alleles from Zea and its sister genus Tripsacum to try to elucidate mutation origin and fixation and the functional constraints of rDNA. ITS sequences evolve rapidly, but size and functional constraints permit comparison of homologous sequences between taxa (Baldwin et al. 1995) . Hence, the ITS is useful for examining the rates of substitution among closely related taxa and for studying fixation by molecular drive (Schlotterer and Tautz 1994) . In maize (2. mays ssp. mays) the single rDNA array is located on the short arm of chromosome 6, and the number of repeats within the array varies between 2,500 and 24,000 per diploid genome or roughly 1% of the genome (Phillips et al. 1988) .
To study the origin of mutations we related substitution rates to cellular processes. The number of germline cell divisions and generation time (generation time effect) may account for much of the substitution rate variability in mammals (Wu and Li 1985) and plants (Gaut et al. 1992) . Highly diverged taxa have been used to show these relations, and as a result, differences other than generation length have had time to evolve between taxa. Within the closely related Zea, generation length is one of the major differences between the species (Doebley and Iltis 1980) . Further, the generation time hypothesis has not been tested while using a phylogenetic hypothesis to account for correlation due to shared ancestry.
Fixation of mutations in tandem arrays of genes requires homogenization throughout both the array and the population (lineage). Ribosomal repeats exhibit a pattern of concerted evolution in which repeats within one array are more closely related to one another than to repeats in arrays on other chromosomes (Schlotterer and Tautz 1994; Copenhaver et al. 1995) or to repeats in other taxa (Arnheim 1983) . Unequal crossing over (Smith 1976) , gene conversion (Arnheim 1983) , and biased gene conversion (Hillis et al. 1991) are the mechanisms responsible for molecular drive. We investigated how mutations become fixed by contrasting the patterns of fixed differences between lineages with polymorphisms unique to individual alleles. We also examined the substitution patterns of four Zea ITS pseudogenes, which had escaped homogenization from before the speciation of modern Zea (Buckler and Holtsford 1996) .
We examined the functional constraints on ITS sequence evolution by mapping nucleotide divergence with a sliding window approach. The ITS regions appear to act like biological springs with many hairpins, which result in properly positioned cleavage sites (Venkateswarlu and Nazar 1991). The sequence alignment of angiosperm species identified one well-conserved region in the ITS1 and a moderately conserved region in ITS2 (Liu and Schardl 1994) . Mutational analyses of yeast ITS1 structure and function suggest multiple domains are important for efficient processing of the 17s and 26s rRNAs (van Nues et al. 1994) . Since the angiosperm analysis came from a diverse array of species, we believed that comparing closely related alleles could reveal other structurally important processing regions.
Transcriptional regulation may impose further functional constraints on rDNA sequence evolution. Nearly every rDNA cytosine is methylated at CpG and CpNpG sites, except near the promoter in actively transcribed ribosomal repeats Zimmer 1990, 1993) . Methylation is also associated with chromatin packaging and a reduction in transcription (Selker 1990) . Methylated cytosines leave an evolutionary footprint, because they frequently mutate to a thymine (Vairapandi and Duker 1994) . This process leads to a depletion of CpG sites in most genes, but the ribosomal repeats show no overall depletion (Gardiner-Garden, Sved, and Frommer 1992) . Methylation-related deaminations were characterized in the normal and pseudogene repeats of Zea, and the distribution of CpG sites was examined throughout the Zea ribosomal repeat.
Materials and Methods

Repeat Sampling and Phylogeny
Sixty-six ITS regions were sampled from all the species and subspecies of Zea, and eight ITS sequences were sampled from four representative taxa of Tripsacum (table 1 of Buckler and Holtsford 1996) . Sequences are uniquely identified by a clone number (e.g., #53). Methods and results related to the sampling of repeats and taxon polymorphism are covered in Buckler and Holtsford (1996) . The maximum-likelihood tree with indels was the phylogeny used in the present study (figs. 1 and 2 of Buckler and Holtsford 1996) .
Rates of Substitution
Rates of substitution were determined using the maximum-likelihood solution to the relative rate test (Muse and Weir 1992) , which accommodated the biased base composition of Zea alleles. Rates and confidence intervals of transitions ((x), transversions (B), and total substitutions (k = cx + 2B) were compared between pairs of alleles and then averaged over comparisons between taxa following Gaut et al. (1992) . Zea m. ssp. mexicana (#53), a putative pseudogene, and T. lawn (#92) were used as outgroups. Since 2. perennis and 2. diploperennis were phylogenetically indistinguishable and have similar environments and habits, these alleles were pooled for estimation of the rates of substitution. Alleles cloned from 2. perennis and 2. diploperennis which were introgressants from 2. m. ssp. mays were excluded from the rate estimates.
We investigated the generation time hypothesis using independent contrasts (Felsenstein 1985) to control for the phylogenetic structure of the taxa. Since only a rough ranking of generation time could be made with the available data, generation time rank orders and substitution rate ratios (relative to 2. diploperennislperennis) were estimated. The unrooted phylogeny assumed was: (((Zmmy, Zmmx, Zmp), Zmh), Zl, Zd/p). Rates and ranks at ancestral nodes were estimated by averaging the values at lower nodes. A Spearman's rank correlation coefficient was calculated among the contrasts of generation time rank and the contrasts of substitution rate (Felsenstein 1985; Snedecor and Cochran 1989) . Ranks were randomly shuffled to produce the null distribution used to determine significance.
Substitution Patterns
Substitution patterns of fixed substitutions versus unique polymorphisms were compared by mapping character-state changes on the topology of the maximum-likelihood tree. The parsimony methods of MacClade 3.01 (Maddison and Maddison 1992) were used to trace character-state changes onto the phylogeny. Fixed events were defined as differences between species (not subspecies) that were fixed (excluding inferred homoplasies), and unique events were defined as polymorphisms found in one allele within one species. The intermediate class of polymorphisms (i.e., polymorphisms shared among some of the alleles within one species) were excluded from analysis, because differentiating homoplasy from recombination was difficult.
Zea m. ssp. mays (#32), an allele with a large deletion, and the putative pseudogenes were excluded. Sorghum matarunkense (#69) was used as the outgroup in order to infer the direction of the fixed substitutions. Fixed and unique substitution patterns were also compared to Zea nuclear substitution patterns at Adhl introns (the Z. diploperennis allele was used as an outgroup, Gaut and Clegg 1993a) and four unidentified single-copy nuclear RFLP loci (Shattuck-Eidens et al. 1990 ). The neutral Adhl and RFLP loci substitution patterns provide a baseline for comparison with Zea ITS substitutions.
Inference of ancestral character states with parsimony did not account for multiple substitutions at a site. A bias caused by multiple substitutions is unlikely as the alleles between Zea and Tripsacum are only diverged 9%. However, the potential bias was estimated with three models. In model one, we estimated the effect of multiple hits and rate variation among sites on the transition bias (Tamura and Nei 1993; Wakeley 1994) . In model two, the effect of base composition bias was assessed; Collins, Wimberger, and Naylor's (1994) study indicates that with the low levels of divergence and the observed fraction of rare states that only minor (cO.10) depressions in the ratio of inferred to actual base changes would have occurred. In model three, we simulated the divergence of two sequences (Zea) by the accumulation of random substitutions based on the unique polymorphism pattern (table 3) . The simulation was repeated 500 times, and the minimum and maximum transition-to-transversion ratios between sequences were compared to the observed fixed substitution ratio.
Nucleotide substitution patterns were evaluated in the four putative pseudogenes by counting unambiguous substitutions using MacClade 3.01 (Maddison and Maddison 1992) with 2. perennis (#03) as the outgroup. This outgroup diverges at approximately the same point as the pseudogenes from the other Zea (Buckler and Holtsford 1996) . The equilibrium substitution model was used to calculate the expected values for each substitution class based on the ITS region's average nucleotide composition (Holmquist 1983) . G-tests for goodness of fit were used to evaluate differences between observed and expected substitution frequencies, while G-tests for independence were used to evaluate differences between the fixed and unique substitution categories (Sokal and Rohlf 1981) . The fixed substitutions had small (f < 5) expected values for 10 of 12 possible substitution classes; therefore, complementary classes were combined to form joint classes with larger expected frequencies (Sokal and Rohlf 198 1).
ITS Structural Constraint
Structural constraint on substitutions was estimated throughout the ITS region; we estimated the average Kimura's two-parameter nucleotide divergence between 10 Poaceae species and within the Zea species using a 30-bp sliding window (Kimura 1980; Kreitman and Hudson 1991 (Zuker 1989) . To test whether fixed or unique substitutions were more destabilizing on predicted minimum energy, we randomly mutated ITS1 or ITS2 sites of the reconstructed Central Mexican Z. mays ancestor (Buckler and Holtsford 1996) with two mutations from the observed pattern of fixed substitutions or unique polymorphisms. We investigated the effect of two mutations, as roughly two unique polymorphisms were found in each ITS1 and ITS2. The random substitutions were done without replacement; therefore, 30 mutants based on fixed substitutions and 128 based on unique polymorphisms were tested for their effects on AG in ITS1 and ITS2.
Analysis of Methylation-Related Substitutions
Deamination mutations were examined at cytosine sites along both coding and noncoding strands. Possible sites of deamination were determined for Zea by comparison with the Tripsacum outgroup. If a potential methylation site (CpG or CpNpG, Gardiner-Garden, Sved, and Frommer 1992) was present in 75% of the Tripsacum alleles, it was considered ancestral and substitutions characteristic of methyl-cytosine to thymine deaminations were tabulated. Substitutions were evaluated on a site-by-site basis so that even if multiple alleles shared the same substitution, it was counted as one substituted site. Base-composition microenvironments have been suggested to affect the rates of deamination (Adams and Eason 1984) ; therefore, a sliding window was used to measure GC content in the five bases upstream and downstream of possible methylation sites. Analysis of variance was used to compare GC content between regions surrounding unsubstituted methylation sites versus those surrounding inferred deamination sites.
The number of CpG sites was determined for each region of the ribosomal repeat (sequences came from various rDNA repeats): the maize ITS region, the maize intergenic spacer (IGS) (GenBank: ZMETS 1, McMullen et al. 1986 ), the maize 17s (GenBank: MZERG17S, Messing et al. 1984) , and the rice 25s (GenBank: RI-CRGHA, Sugiura et al. 1985) . The ribosomal IGS contains multiple subrepeats, which are phylogenetically related to one another; hence, the subrepeats are not fully independent samples. Therefore, both the entire IGS and a subrepeat average were used in calculations.
Observed-to-expected CpG ratios (O/E CpG) were evaluated with lOO-bp sliding windows following GardinerGarden and Frommer (1987). Since O/E CpG ratios are not normally distributed and regions with low GC content have larger O/E variances, we used CpG z-scores to identify regions with aberrant densities of CpG. We estimated an expected mean number of CpG sites (E) and a standard deviation (s) by shuffling the sequence within the lOO-bp window 100 times. Then a CpG zscore [(0-E)/s] was calculated for each window, and significant deviations from the average of the z-scores were identified by the Grubbs test for outliers (Sokal and Rohlf 1981) . CpG densities were also compared by region with expectations derived from the regions' nucleotide frequencies [E(CpG) = j(C) X j(G) X n bases] and the regions' nucleotide frequencies scaled by the average level of CpG depletion found in noncoding monocot sequences [E(CpG) = 0.73 X f(C) X JTG) X n, Gardiner-Garden, Sved, and Frommer 19921.
Results
Sequences
Zea and Tripsacum ITSl, 5.8S, and ITS2 regions have GC contents of 70.4%, 56.3%, and 73.3%, respectively. All of the Zea and Tripsacum alleles have similar base composition except for the four putative pseudogene alleles. The standard deviation of the four nucleotide frequencies of the normal Zea and Tripsacum alleles was equal to or less than 0.5%. The pseudogenes have a GC content roughly 3.6% lower than normal alleles. Stefansky's maximum normal residuals (MNR) (Snedecor and Cochran 1989) sequentially identified the four pseudogenes as the only outliers for GC content (MNR = 0.541, 0.576, 0.631, and 0.580; P < 0.01 for each test).
Rates of Evolution
Pseudogene Z. m. ssp. mexicana (#53) was basal yet closely related to all the Zea alleles (Buckler and Holtsford 1996) , so it was an excellent outgroup for the relative rate tests (table 1). Using T. Zaxum (#92) as an outgroup produced similar results. There were significant substitution rate differences, especially between Z. mays with Z. diploperennislperennis and Z. luxurians. Transversions exhibited greater differences than did transitions.
Transversions were significantly more numerous in maize, the domesticate, than in some wild Z. mays, while transitions were statistically equivalent.
The rates of substitution for the pseudogenes were estimated using T. laxum as an outgroup. The pseudogenes had between 5.15 and 6.57 more transitions than the species or subspecies of Zea. Transversions were 1.52 times more frequent in Z. mays than in the pseudogenes. Transversions were more frequent, but not significantly so, in the pseudogenes compared to Z. diploperennislperennis and Z. luxurians. We used the life history of the various Zea taxa to establish relative generation lengths. Zea diploperennis and Z. perennis are perennials, which are known to produce dense stands of clones (Benz, Sanchez-Velasquez, and Michel 1990) . Zea luxurians is an annual in its current Guatemalan and Honduran habitats (Doebley and Iltis 1980) ; however, when grown under more northerly climates 2. Zuxurians may act more perennial (Doebley and Iltis 1980) ; this is suggestive of a semiperennial habit. All of the wild Zea produce seeds with protective glumes which probably allow the seeds to remain in the seed bank for several years (Beadle 1977) , lengthening generation time. Domesticated 2. m. ssp. mays is often planted for multiple crops per year in the tropics. Hence, natural history would predict the following rank order for generation times: 2. m. ssp. mays < 2. m. ssp. mexicana, parviglumis, and huehuetenangensis < Z. luxurians < Z. diploperennislperennis.
None of the rank correlations between the contrasts of generation time and substitution rate were significant, but all substitution rate classes were negatively correlated with generation length (n = 7 contrasts, total substitutions rS = -0.562, P = 0.163; transitions rs = -0.580, P = 0.150; transversions r, = -0.661, P = 0.108). When Z. Zuxurians is assumed to have a generation length similar to other wild Z. mays, then there are no correlations with generation length.
Substitution
Pattern Analysis Substitution patterns were very different between unique and fixed classes (table 3) . We estimated the transition/transversion bias caused by multiple substitutions and rate variation among sites. The ITS distribution of rate variation among sites did not fit a Poisson distribution (P = 0.02) but was not significantly different from a negative binomial (P = 0.43), suggesting that some sites are more mutable (gamma parameter a = 1.266; method of Tamura and Nei 1993) . However, the gamma-distribution-corrected estimates of unique and fixed transition/transversion patterns were almost exactly the same as the observed patterns (corrected fixed cl/ l3 = 0.78, SD = 0.22; corrected unique cl/p = 2.52, SD = 0.35; method of Wakeley 1994). Simulations of accumulated divergence according to the pattern of unique polymorphisms indicated that this process did not lead to the observed (x/p of fixed substitutions, even when divergence reached 50% (P < 0.01).
Both unique (G = 239.0, df = 11, P < 0.001) and fixed (G = 17.8, df = 5, P < 0.005) substitution classes were significantly different from null expectations based on equilibrium base composition (Holmquist 1983 ). Unique polymorphisms were dominated by transitions (G = 176.62, df = 1, P < O.OOl), while fixed substitutions did not differ from the expected frequency of transitions and transversions (G = 3.52, df = 1, P > 0.05). Transition and transversion frequencies were significantly different between fixed and unique substitution classes (G = 14.19, df = 1, P < 0.001). Fixed substitutions have a larger number of substituted cytosines than expected (G = 7.41, df = 1, P < 0.01). In RNA, G-U base pairing is relatively stable, hence mutations from A-U and G-C pairing to G-U pairing would maintain hairpin stem structure (Lewin 1990) . Therefore A+G or C+T transitions would maintain stem structure, and there were many more hairpin-maintaining transitions than stem-destroying polymorphisms in the unique substitution class (G = 126.3, df = 1, P < 0.001). C-+T transitions could also be indicative of methylation-induced deaminations, but in normal alleles these transitions were not over-represented at methylation sites (see below) and the A+G transitions were more prevalent. There were more stem-maintaining substitutions in the unique than fixed substitution classes (G = 4.85, df = 1, P < 0.05). The fraction of indels was significantly greater in the fixed compared to the unique substitutions (G = 12.65, df = 1, P < 0.001). The fixed substitution patterns were essentially equivalent to transition/transversion ratios from Zea RFLP loci (o/p = 0.74:1 and A&l introns ((Y/B = 0.96: 1, which also had high transversion frequencies despite low divergence (maximum nucleotide diversity = 0.04), while the unique polymorphisms were very different. The fixed ITS substitutions were similar to the RFLP loci (Shattuck-Eidens et al. 1990 ) in o/B and frequency of indels (G = 0.00, df = 1, P > 0.05; G = 3.48, df = 1, P > 0.05, respectively).
The unique polymorphisms and the RFLP loci were significantly different in a/B and frequency of indels (G = 23.75, df = 1, P < 0.001; G = 53.64, df = 1, P < 0.001, respectively). A&l introns (Gaut and Clegg 1993a) had similar o/B to the fixed class (G = 0.38, df = 1, P > 0.05), while different from the unique class (G = 9.18, df = 1, P < 0.005).
ITS Structural Constraint
Sliding windows of nucleotide divergence were used to indicate small regions under greater selection ( fig. 1) . Lower than average levels of divergence were found in four regions of the ITS and throughout the 5.8S, which suggested selective constraint in these areas. Two conserved ITS regions (in Zea, region B was 5'-GGCGCCCCGGGCGCCAAGGAA-3'; region D was 5 '-GGTGGGCCGAAGCAGGGG-3') were previously identified in angiosperms (Liu and Schardl 1994) . In the present study, two other conserved regions (A and C) were found near the 16S-ITS 1 and the 5.8S-ITS2 cleavage points respectively.
Both Poaceae and infraspecific Zea divergence indicated similar patterns of conservation. The individual Zea species also had similar divergence patterns to one another (data not shown).
The four pseudogenes had significantly less stable ITS1 and ITS2 regions compared to other Zea alleles as measured by minimum AG (ITSl, 9.3% less, F = 17.82, df = 1, 64, P = 0.0001; ITS2, 16.1% less, F = 43.46, df = 1,64, P < 0.0001). Minimum AG was significantly different between Zea and Tripsacum taxa (ITSl, F = 2.52, df = 9, 59, P = 0.02; ITS2, F = 4.20, df = 9, 59, P = 0.0003), and there were large changes in minimum predicted secondary structure between species. For example, between 2. perennis and T. australe a large proportion of the bases were predicted to be in new pairing arrangements (ITSl, 37%; ITS2, 45%). Random substitutions of the fixed substitution pattern were more destabilizing than those of the unique polymorphism pattern (ITSl, F = 2.87, df = 1, 156, P = 0.09; ITS2, F = 4.12, df = 1, 156, P = 0.04; ITS1+2, F = 6.98, df = 1, 314, P = 0.0087).
To determine whether selection was favoring stable secondary structures, the observed distribution of the various classes of polymorphisms among ITS loops versus hairpin stems was examined among the closely related 2. mays taxa. Relative to the distribution of A's, A+G polymorphisms were concentrated in stems versus loops (G = 4.20, df = 1, P = 0.04). The observed A+G substitutions were more stabilizing than other substitution classes (F = 15.93, df = 1, 122, P = 0.0001). Other polymorphism classes were neither significantly distributed in stems or loops nor significantly more stabilizing.
Methylation and Deamination
Using Tripsacum as an outgroup we inferred the ancestral methylation sites and presumed deaminations. The pseudogenes show strong signs of methylation-induced deamination, while the normal alleles do not. Deamination type substitutions (C+T and G+A) accounted for a larger fraction (71%) of pseudogene substitutions than expected (15%) at equilibrium, given the observed base composition (table 3; G = 116.1, df = 1, P < 0.001). In the pseudogenes, 53 of the 58 C+T substitutions were found at standard methylation sites rather than at other C's (G = 31.34, df = 1, P < 0.001); while inferred deaminations in normal Zea alleles were not overrepresented at standard methylation sites (G = 1.96, df = 1, P = 0.16).
Transcription mechanisms might facilitate the repair of deaminations on the transcribed stand (Skandalis, Ford, and Glickman 1994) , and both normal Zea alleles and pseudogenes showed a nonsignificant tendency for increased deamination-driven substitutions on the nontranscribed strand. In angiosperms, CpG frequencies were depleted while CpNpG frequencies were not (Gardiner-Garden, Sved, and Frommer 1992) . In the Zea pseudogenes there was a marginally greater substitution rate at CpG sites than at CpNpG sites (G = 2.43, df = 1, P = 0.12); 26% of the ancestral CpG sites were deaminated versus 15% of the CpNpG sites (sites which fall into both categories were excluded). High GC microenvironments should stabilize regions by minimizing DNA breathing (momentary strand separation), and thereby retard cytosine deamination (Adams and Eason 1984) . However, no association was found between GC content and whether a pseudogene site had been-deaminated or not (F = 1.20, df = 1, 92, P > 0.10); in a E(CpG) = f(C) X f(G) X no. of bases in region.
b Monocot E(CpG) = E(CpG) X 0.73 (the CpG depletion in monocot noncoding regions found in Gardiner-Garden, Sved, and Frommer 1992). c Promoter E(CpG) = no. of bases X 0.022 (observed frequency of CpGs in maize ribosomal promoter).
d + indicates a positive deviation and -a negative deviation. +, P < 0.10; ++, P -=c 0.05; +++, P < 0.01. e G-tests for two maize promoter sequences (McMullen et al. 1986; Toloczyki and Feix 1986, respectively) .
fact, the trend suggested greater deamination at high-GC regions.
The promoter had significantly fewer CpGs than expected while other regions, especially the IGS subrepeats, had more CpGs than expected (table 2). CpG frequencies were evaluated throughout the ribosomal repeat to look for regions exhibiting selection for CpG sites ( fig. 2) . Only promoter region z-scores of CpG density were significant outliers from the distribution of zscores from all lOO-bp sliding windows (bases 2235 to 2269 of ZMETS 1; some windows were P < 0.05 and others P < 0.01). A smaller scale (50-bp window) analysis of the promoter region indicated that CpG densities were less than expected from base 2170 to 2308, which corresponded well with the end of the IGS repeats (2159) and the transcription initiation site (2296). Another maize rDNA promoter sequence has one fewer CpG than ZMETS 1; the methylation site depression in this promoter sequence was even more pronounced (Toloczyki and Feix 1986) . Using Gardiner-Garden and Frommer's (1992) method to identify significantly CpGrich regions, the entire repeat was significantly above the angiosperm average. The structurally constrained Table 3 Substitution Patterns regions (rRNA in a functional ribosome: 17S, 5.8S, and 25s) had lower densities of CpGs than the less structurally constrained regions (IGS repeats, promoter, ETS, and ITS; G = 18.53, df = 1, P < 0.001).
Discussion
Ribosomal Pseudogenes
The pseudogenes have been able to escape homogenization since before the divergence of Zea. Four alleles were classified as pseudogenes by several lines of evidence. They were rare, basal to the Zea alleles (Buckler and Holtsford 1996), had a very different GC content, had many deaminations at putative methylation sites, and had much less stable secondary RNA structures. In Drosophila, an rDNA pseudogene is known from the sequence of an IGS region that contains no promoter (Linares, Bowen, and Dover 1994) .
Rates of Substitution
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FIG.
2.-The top graph plots lOO-bp windows of observed to expected CpG levels. The bottom graph plots lOO-bp windows for G+C frequency. The various regions of the ribosomal repeat are noted below the graphs. The dot indicates the region that was a signifcant outlier from the distribution of CpG density z-scores. (Doebley, Renfroe, and Blanton 1987) . Small populations and base composition variation can cause differences in substitution rate (Gaut and Clegg 19938) , but Zea generally appears to have large population sizes (Gaut and Clegg 1993a) and had constant base composition in normal ITS regions. Interestingly, annual 2. Zuxurians had a substitution rate as slow as or slower than the perennials, and 2. m. ssp. huehuetenangensis had the slowest substitution rate of the Z. muys subspecies. These taxa are the most southerly and tropical Zea taxa, which poses the question of whether temperature and/or moisture regimes modify replication fidelity and/ or repair efficiency. Or perhaps their generation time was longer in the past; Guatemalan environmental reconstructions during the Pleistocene and Holocene indicated climatic conditions (Leyden et al. 1994 ) which might lengthen generation time.
Relative substitution rates are related to generation time when highly diverged plants are compared (Gaut et al. 1992) . The Zea ITS region possibly supports the generation time effect from closely related taxa, although the correlations of the phylogenetically independent contrasts were not significant, partially due to the small number of taxa being compared.
Despite replication errors being an important source of both transitions and transversions (von Borstel 1994) , transversions showed much greater variation between taxa. However, transitions may also be caused by pyrimidine dimerization, ionization, and 5methylcyto-sine deamination-phenomena which are related to kinetic processes not linked to replication (Vairapandi and Duker 1994; von Borstel 1994) . Therefore, transitions may be more closely related to sidereal time, while transversions are more tightly linked to cell replication cycles and generation time.
Unique versus Fixed Substitution Classes
Transitions dominated the unique polymorphism class (o/B = 2.5: 1, while the fixed substitution class was close to the random expectation (o/B = 0.75: 1. All three substitution bias models indicated that the transition/ transversion ratio differences were not artifacts of multiple substitutions, sampling variance, or base composition bias. Like the fixed class of Zea and Tripsacum substitutions, ITS divergence between Drosophila species had <x/B = OS:1 and several RNA secondary structure changes (Schlotterer et al. 1994) .
The unique polymorphisms were dominated by structurally stable polymorphisms.
The unique polymorphisms had significantly more transitions than Zea RFLP loci and the Adhl introns which should be less structurally constrained than the ITS (Shattuck-Eidens et al. 1990; Gaut and Clegg 1993~) . Strong purifying selection must have acted to produce the pattern of unique, structurally stable polymorphisms.
By contrast, the fixed substitutions had an essentially random transition/transversion ratio and were similar to the substitutions at the RFLP loci and the Adhl introns. The simulation of randomly positioned mutations drawn from fixed substitution pattern indicated that this pattern of state changes was more destabilizing than the transitiondominated unique polymorphism pattern. However, the position of substitutions and polymorphisms within the ITS region was not random ( fig. 1 and the rejection of Poisson distribution, Uzzell and Corbin 1971) . This suggests that the fixed substitutions were restricted to regions with lesser topological constraint and minimal deleterious effect.
The concomitantly variable codons (covarions) concept may partially explain the differences between fixed substitutions and unique polymorphisms (Fitch and Markowitz 1970) . Purifying selection permits a limited number and range of polymorphisms at any one time, but each new polymorphism modifies the range of permissible changes so that many substitutions and secondary structures are possible in the long term. The unique polymorphisms represented the fraction of mutations that did not disrupt the current ITS secondary structure. However, changes in ITS conformation were seen among the Zea and Tripsacum species, and the fixed class reflected the changes possible given prior substitutions.
Although selection is important in ITS evolution, drift and selfish mechanisms may play a role in overcoming the purifying selection to preserve stable ITS conformations.
Bottlenecks and drift could come from two sources: variation in the number plants, and variation in the number of ribosomal copies resulting from unequal crossing over. A severe bottleneck from either source could result in fixation of structurally destabilizing substitutions.
However, the large effective population size of maize (N, = 6.6 X 105, Gaut and Clegg 1993~) and the many repeats per genome (Phillips et al. 1988) suggest that bottlenecks are less likely to be important for the evolution of Zea. Biased gene conversion could also overcome purifying selection as seen in hybrid parthenogenic lizards (Hillis et al. 1991) . Amplification of repeats by mobile elements or reverse transcriptases could also play a role in the evolution of ribosomal repeats. Within the constraints of a covarion selection regime, drift and selfish amplification probably control the tempo of fixation by modulating the available polymorphism.
Internal Transcribed Spacer Structure and Function
The sliding window analysis of nucleotide divergence indicated that four ITS regions are always selectively constrained. Two of these regions were previously identified in an angiosperm ITS sequence study (Liu and Schardl 1994) , and two regions were novel. The novel regions were probably missed in the angiosperm study because the sequences evolved too rapidly in each lineage (similar arguments are used for IGS evolution in Moss and Stefanovsky 1995) . Rapid sequence evolution could result from the coevolution of ITS sites and dedicated ITS processing factors.
Infraspecific polymorphism and interspecies divergence exhibited similar regions of conservation, which suggested that similar selection pressures have been operating since the divergence of the grasses. Recombination within the ITS must also be frequent, as small regions of high polymorphism were seen between highly conserved regions (e.g., between region B and the 5.8s).
rDNA Methylation Patterns
The pseudogenes, which were ravaged by deaminations of methylated cytosines, argued for strong mutational pressure against methylation sites. However, we found no evidence for CpG depletion in most rDNA regions, and the entire repeat had high O/E CpG ratios. Regulatory and kinetic models have been used to explain variation in densities of CpG sites. In regulatory models, unmethylated CpG-rich regions are associated with the 5' end (including the promoter region) of housekeeping genes, while tissue-specific genes are unlikely to have CpG-rich regions Frommer 1987, 1992) . The kinetic stability model (fewer deaminations in high GC regions) has been refuted here and by Gardiner-Garden and Frommer (1987) . The ribosomal repeats did not follow either of these established regulatory patterns. The high density of methylatable CpG sites in nonpromoter regions, especially in the less structurally constrained regions, suggested selection for methylation-induced chromatin condensation. The low density of CpG sites in the promoter region may permit regulatory flexibility.
We use vertebrate models of methylated DNA-protein interactions to explain these and others' observations of maize ribosomal repeats.
Since nuclear space conservation is selectively important in large genomes (Selker 1990 ), the gigantic ribosomal array should be packaged to save cellular space and prevent the dispersal of transcription factors and RNA polymerase I (RPOI). The majority (~80%) of maize ribosomal repeats are transcriptionally inactive, heterochromatic, and DNase I inaccessible (Phillips et al. 1988; Jupe and Zimmer 1993) ; hence, 7,000 repeats or 63 megabases are inactive at any one time. All maize ribosomal repeats are almost fully methylated (Jupe and Zimmer 1990) , which results in a high mCpG (methylated CpG dinucleotide) density. High densities of mCpG are known to bind methyl-CpG-binding proteins (MeCP) in vertebrates, which help convert these regions into heterochromatin (Antequera, Boyes, and Bird 1990; Meehan, Lewis, and Bird 1992) . The high CpG levels throughout the ribosomal repeat, despite strong mutational pressures against CpGs, argued for selection maintaining the CpGs. The less structurally constrained regions (IGS, ETS, and ITS) exhibited the highest CpG levels-perhaps relaxed structural constraints allowed selection to elevate CpG densities, thereby increasing regulatory control. Although ribosomal transcription is needed for cellular survival, the proportion of active repeats varies widely according to cell type and total copy number in a given maize plant (Phillips et al. 1988) . The low CpG density of the ribosomal promoter permits regulation of transcriptional levels. In mammalian cell lines, methylation of CpG-rich promoter regions results in mutationlike transcriptional inactivation (Antequera, Boyes, and Bird 1990) . Low densities of mCpG dinucleotides (= 1%) can reversibly repress transcription, while high densities of mCpG (= 10%) completely repress transcription (Boyes and Bird 1992) . Hence, the ribosomal promoter's low CpG levels may allow flexibility in transcriptional activity. If the density of CpGs in the promoter was equivalent to that in the other ribosomal regions then transcription might be completely repressed.
The rDNA region near the maize promoter exhibits hypomethylation in transcriptionally active repeats Zimmer 1990, 1993) . This hypomethylation is likely a consequence of chromatin structure and not the cause (Reeder 1989) , as active promoters are bound and twisted by several transcription factors (Moss and Stefanovsky 1995) , which could inhibit the methylating activity of methyltransferase.
The number of active repeats is probably determined by RPOI activity states and several transcription factors (Reeder 1989; Moss and Stefanovsky 1995) .
Another hypothesis can explain the maintenance of high CpG densities in the face of deamination mutation pressure. A few entirely unmethylated ribosomal repeats may persist in the germline and preferentially give rise to future generations of repeats (Gardiner-Garden, Sved, and Frommer 1992) . Mutational load would be lessened because the repeats that propagate themselves are not methylated. In Cucurbita about 3% of the repeats were completely unmethylated (Tori-es-Ruiz and Hemleben 1994), but in maize leaf tissue there is no indication of completely unmethylated repeats (Jupe and Zimmer 1990) . The germline persistence and transcriptional regulation/chromatin packaging models are not exclusive of one another.
To conclude, we established the existence of rDNA pseudogenes in plants; and for phylogenetic studies these pseudogenes could be invaluable outgroups. Significant variation in substitution rates was found among Zea species and subspecies. Selection was important in shaping the kinds of polymorphisms and substitutions observed in the ITS. Four ITS regions appeared to have selective constraint. Deamination of methylated cytosines was a strong mutational force, but selection for chromatin packing may maintain high densities of methylation sites in ribosomal repeats. covered topics. D. Bergstrom and two anonymous reviewers provided helpful comments about this manuscript. This work was supported by an NSF Predoctoral Fellowship to E.S.B and UM Research Board award 93-060.
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